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1.  Introduction 


Advanced  composite  materials  are  being  used  as  state-of-the-art  structural 
materials  in  military  systems.  The  Army  Research  Laboratory  (ARL)  is  ex¬ 
ploring  the  level  to  which  composite  materials  will  degrade  the  electro¬ 
magnetic  (EM)  shielding  effectiveness  (SE)  of  these  systems,  as  well  as 
techniques  to  improve  the  shielding  performance.  This  report  describes 
ongoing  activities  in  this  area.  We  are  primarily  concerned  with  frequen¬ 
cies  below  1000  MHz,  where  conductivity  dominates  the  response  of 
shielding  materials.  For  this  reason,  our  initial  efforts  were  concentrated 
on  developing  techniques  to  accurately  measure  the  conductivity  of  com¬ 
posite  samples.  Once  the  effective  conductivity  is  known,  the  material's 
EM  response  can  be  analytically  predicted. 


2.  Background 

Army  systems  are  currently  constructed  primarily  of  metals  and  metal  al¬ 
loys.  These  materials  are  highly  conductive  and,  in  addition  to  their  struc¬ 
tural  role,  can  be  configured  to  provide  EM  shielding  for  sensitive  elec¬ 
tronic  equipment.  To  reduce  weight  and  increase  operational  capabilities, 
system  designers  are  considering  advanced  composite  materials  as  re¬ 
placements  for  the  metallic  structural  elements. 

The  use  of  composite  materials  presents  significant  obstacles  to  traditional 
methods  of  reducing  EM  radiation  levels.  The  integral  components  of  ad¬ 
vanced  composite  materials  are  significantly  less  conductive  than  metal, 
and  the  techniques  used  to  join  components  involve  nonconductive  proc¬ 
esses  unlike  the  welding  processes  of  the  metallic  predecessors.  In  addi¬ 
tion,  conductive  members  of  composite  materials  can  be  aligned  in  specific 
directions  and  electrically  isolated  from  each  other,  causing  the  composite 
as  a  whole  to  act  anisotropically  to  incident  EM  energy. 

These  nonconductive  or  anisotropic  features  also  complicate  material  char¬ 
acterization  and  system  response  modeling.  Commonly  used  characteriza¬ 
tion  techniques  that  use  shielded  rooms,  coaxial  holders,  and  transverse 
electromagnetic  (TEM)  cells  rely  on  low  contact  impedance  between  the 
sample  material  and  the  test  fixture  [1].  Typical  composite  materials  do  not 
provide  a  means  to  make  good  electrical  contact  between  conducting 
members  (inherent  or  introduced)  of  the  composite  material  and  the  test 
fixtures.  This  raises  a  question  regarding  the  applicability  or  reliability  of 
traditional  test  methods  for  composite  samples. 

There  are  techniques  that  do  not  require  conductive  contact  in  order  to  ob¬ 
tain  information  about  the  EM  properties  of  materials.  Near-field  (eddy 
current)  measurements  have  been  used  to  provide  conductivity  informa¬ 
tion  for  nonferrous  metals.  This  report  discusses  the  application  and  limi¬ 
tations  of  this  technique  as  a  composite  materials  evaluation  tool. 
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3.  EM  Shielding  and  Shielding  Materials 

A  material's  intrinsic  properties — conductivity,  a,  permeability,  /i,  and 
permittivity,  e — determine  how  it  will  interact  with  EM  energy.  The  effects 
that  the  individual  intrinsic  properties  have  on  a  material's  shielding 
performance  depend  on  the  characteristics  of  the  EM  energy.  The  relation¬ 
ship  between  a  material's  shielding  performance  and  its  intrinsic  proper¬ 
ties,  and  the  characteristics  of  the  EM  energy,  are  provided  by  EM  theory. 
A  widely  accepted  theory  of  SE  that  originated  with  Shelkunoff  [2-4]  pro¬ 
vides  equations  relating  the  intrinsic  properties  of  a  material  to  its  shield¬ 
ing  performance.  This  shielding  theory  was  originally  developed  for  the 
case  of  plane-wave  incident  fields.  By  making  certain  approximations,  one 
could  modify  the  theory  to  apply  to  the  general  case  of  EM  fields  emanat¬ 
ing  from  magnetic  (low-impedance)  sources,  as  well  as  electric  (high- 
impedance)  sources.  The  results  of  this  theory  are  summarized  below. 

The  total  attenuation  or  loss,  L  (in  decibels  (dB)),  of  an  EM  wave  due  to  a 
shielding  barrier  is  defined  as  the  sum  of  the  reflection  loss,  R  (in  dB),  ab¬ 
sorption  loss,  A  (in  dB),  and  the  re-reflection  loss,  B  (in  dB): 

hotal  =  ^dB'^ 

These  loss  factors  are  illustrated  in  figure  1.  The  total  loss  the  differ¬ 
ence  between  the  incident  EM  energy  and  the  transmitted  EM  energy,  is 
commonly  referred  to  as  the  SE. 

The  reflection  loss  is  a  fimction  of  the  incident  wave  impedance,  and 
the  impedance  of  the  shield  barrier,  Z^.  The  reflection  loss  is  defined  as 

RiB  =  201og(t^i),  (2) 

where  K  =  Z^/Z^. 

Figure  1.  EM 
shielding  theory  loss 
factors:  equations  are 
derived  for  each  loss 
factor,  reflection, 
absorption,  and  re¬ 
reflection,  based  on 
intrinsic  properties  of 
material  and 
characteristics  of 
incident  EM  energy. 


(3) 


The  incident  wave  impedance  is  defined  as 

Z„  =  |  =  K„  =  lry^  =  377J:a, 


where 


=  1  for  a  plane  wave  or  a  far-field  source,  where  r  >  A/2;r, 
r  =  distance  from  source  to  shield,  A  =  wavelength, 
k  ~  XllTor  for  a  low-impedance  source,  where  r  <  X/2k,  and 
k  =  27ir/ A  for  a  high-impedance  source,  where  r  <  XI2n. 

Note  that  is  dependent  on  the  field  source,  as  well  as  the  relative  posi¬ 
tion  to  that  source,  and  the  frequency  of  the  source  driver. 


The  shield  impedance  is  defined  as 


Zs  = 


a  +  jcoe 
(l-e-t/S) 


(4) 


where 


is  the  permeability  (H/m), 
e  =  EgBr  is  the  permittivity  (F/m), 

=Anxl0r7  H/m, 

Eo  =  8.85  X  10-12  F/m, 

fir  =  the  relative  permeability, 

Er  =  the  relative  permittivity, 

(7  =  conductivity  (mho/ m), 
t  =  material  thickness  (m), 
d  =  l/{7iffia)  =  skin  depth  (m),  and 
/  =  frequency  (Hz). 

The  absorption  loss  is  the  amount  of  energy  lost  in  passing  through  a 
shield  of  thickness  t.  The  field  attenuation  is  due  to  energy  lost  from  the 
ohmic  generation  of  exothermic  heat.  The  absorption  loss  is  defined  as 

ArfB  =  201ogio  \eyU  ,  (5) 


where 


r=  ^  \^o)fi{a  +  jcoE^ 


propagation  constant. 


The  re-reflection  loss  is  the  amount  of  energy  lost  from  multiple  reflections 
of  the  EM  wave  inside  the  shielding  barrier.  The  same  absorption  and  re¬ 
flection  losses  (see  eq.  (2)  and  (5))  are  applied  to  the  energy  remaining  in 
the  material  after  the  initial  reflection  and  absorption  loss.  All  the  energy 
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attenuation  not  included  in  the  initial  reflection  and  absorption  loss  is  in¬ 
cluded  in  this  factor.  This  loss  factor  is  defined  as 


B^B  =  201ogio 


(6) 


These  equations  provide  insight  to  the  importance  of  each  of  the  intrinsic 
properties,  a,  fi,  and  e,  on  the  overall  shielding  performance  of  a  material. 
Making  a  determination  that  one  is  more  influential  than  another  is  not 
trivial  if  the  equations  are  taken  for  the  general  case,  i.e.,  any  field  source  at 
arbitrary  frequency  and  distance  from  the  shielding  barrier.  The  problem 
is  simplified  if  limited  to  plane-wave  incident  fields  at  frequencies  below 
1000  MHz.  This  restriction  is  justifiable  because  it  includes  the  EM  sources 
of  interest,  namely,  lightning  and  nuclear  EM  pulse. 


The  absorption  loss  is  independent  of  the  impinging  source  field  and  is 
low  at  low  frequencies  and  rises  gradually  as  the  frequency  increases. 
Highly  conductive  materials  such  as  silver  and  copper  provide  minimal 
absorption  in  the  frequency  region  of  interest  for  typical  barrier  thickness. 
For  this  reason,  the  effects  of  a,  fx,  and  £  on  the  absorption  loss  are  not 
considered. 


This  leaves  the  reflection  losses  as  the  major  contributions  to  SE.  In  our  re¬ 
stricted  case,  the  intrinsic  impedance  of  a  material,  given  by  equation  (4)  is 
the  parameter  of  concern.  The  denominator  of  equation  (4)  indicates  that  a 
material's  intrinsic  impedance  varies  due  to  skin  depth  effects.  If  we  as¬ 
sume  that  the  materials  are  much  thicker  than  a  skin  depth,  6,  the  barrier 
intrinsic  impedance  reduces  to 


Z  = 


(7) 

a  +  jcoe  ^  ’ 

It  then  becomes  a  trivial  matter  to  determine  which  intrinsic  properties  are 
critical  to  producing  good  EM  shields.  Minimizing  the  intrinsic  impedance 
of  the  shielding  barrier  will  maximize  the  reflection  loss  and,  hence,  the  SE. 
Within  the  limits  of  known  materials,  conductivity,  <t,  will  dominate  the 
denominator  of  equation  (7)  for  materials  qualifying  as  "good"  shielding 
materials.  For  example,  titanium  dioxide  has  an  extremely  high  relative 
permittivity  (e^-  =  100).  If  a  shielding  material  could  be  produced  that  had 
this  same  relative  permittivity,  the  second  term  in  the  denominator  of 
equation  (7)  at  1000  MHz  would  be 


jm  =  27r-lx  10^(100  •  8.854  x  lO-^^j  ^  5  5^  i  .  (8) 

Noting  that  conductivity  values  of  relatively  poor  conductors  such  as  car¬ 
bon  are  on  the  order  of  10'^  mhos/m,  it  is  clear  that  below  1000  MHz  the 
permittivity  has  little  effect  on  the  intrinsic  impedance.  This  is  the  case  for 
all  "good"  shielding  materials  in  the  frequency  region  below  1000  MHz. 
Because  of  this  independence  of  the  shielding  behavior  on  the  relative  per- 


mittivity,  relative  permittivity  measurements  were  given  low  priority.  At 
frequencies  above  1000  MHz,  the  relative  permittivity  will  begin  to  have 
an  appreciable  effect  on  the  intrinsic  impedance  and  would  have  to  be 
characterized. 

The  relative  importance  between  conductivity  and  permeability  is  not  as 
easily  determined.  Some  materials  have  a  relative  permeability  (jXr)  value 
as  high  as  100,000,  which  has  a  significant  effect  on  their  intrinsic  imped¬ 
ance.  However,  it  takes  time  for  magnetic  materials  to  respond  to  magnetic 
fields,  and  above  a  frequency  of  a  few  hundred  kilohertz,  high  relative  per¬ 
meability  values  approach  unity,  and  even  poor  conductors  dominate  the 
intrinsic  impedance.  In  addition,  the  relative  permeability  of  materials 
used  to  fabricate  composite  structures  is  t5q)ically  1;  that  is,  diese  materials 
have  no  magnetic  properties.  For  these  reasons,  in-depth  knowledge  of 
permeability  is  considered  secondary  to  conductivity  for  predicting  the  SE 
of  composite  materials. 

Although  less  important  than  conductivity,  there  are  reasons  for  pursuing 
permeability  measurements.  Ferromagnetic  properties  are  easily  added  to 
materials  and  they  greatly  improve  the  low-frequency  shielding.  In  addi¬ 
tion,  techniques  used  to  measure  conductivity  actually  provide  informa¬ 
tion  on  the  combination  of  conductivity  and  permeability.  Permeability 
measurements,  on  the  other  hand,  provide  information  on  only  the  perme¬ 
ability,  providing  us  with  one  of  the  two  unknowns.  Unfortunately,  a 
material's  permeability  can  be  difficult  to  characterize.  Permeability  varies 
with  frequency,  magnetic  flux  density,  magnetic  history,  temperature,  and 
field  orientation.  Additional  studies  must  be  performed  to  determine  these 
effects  on  shielding  and,  if  these  effects  are  substantial,  how  to  measure 
them. 

In  summary,  except  for  high-permeability  materials  at  low  frequencies 
(<200  kHz),  knowledge  of  a  material's  effective  conductivity  is  all  that  is 
necessary  to  determine  its  EM  response  in  the  frequency  range  of  interest. 


4.  Electromagnetic  Environments 

In  the  development  of  materials  to  be  used  as  EM  shields  or  techniques  to 
determine  the  shielding  behavior  of  materials,  it  is  important  to  under¬ 
stand  not  only  the  effects  of  a  material's  intrinsic  EM  properties  on  shield¬ 
ing  performance,  but  also  the  effects  of  the  EM  energy  on  the  material's 
shielding  performance.  This  is  critical  for  a  comparison  of  SE  data  gath¬ 
ered  with  various  test  techniques.  Section  3  defined  the  incident-wave  im¬ 
pedance,  which  is  the  major  factor  of  the  EM  environment  that  affects  a 
material's  response.  Unfortimately,  there  are  other  attributes  of  EM  fields 
(wavelength,  field  polarization,  and  amplitude)  that  interact  in  various 
ways  with  a  shielding  material.  These  interactions  are  normally  ignored 
for  highly  conductive,  homogeneous  materials,  but  must  be  considered  for 
composite  materials.  The  effects  result  from  the  physical  attributes  of  the 
shielding  barrier.  Actual  analysis  is  complicated,  and  a  detailed  descrip- 


9 


tion  is  beyond  the  scope  of  this  report.  The  point  that  must  be  considered  is 
that  knowledge  of  effective  conductivity  is  adequate  for  determining  a 
material's  response  only  if  the  material  appears  isotropic  and  homoge¬ 
neous  to  the  incident  EM  energy.  The  following  statements  regarding  the 
applicability  of  effective  conductivity  data  to  the  determination  of  a 
material's  EM  response  are  made  in  light  of  the  anisotropic  non- 
homogeneous  properties  typical  of  composite  materials. 

In  composite  materials,  the  conducting  members  are  discrete  and  the  ma¬ 
terial  as  a  whole  is  not  uniformly  conductive.  If  the  frequency  of  the  EM 
field  is  such  that  the  wavelength  is  much  greater  than  the  nonconductive 
voids  between  the  conductive  members,  it  is  expected  that  the  material 
will  behave  as  though  it  is  isotropic,  with  uniform  conductivity.  This  as¬ 
sumes  that  there  are  a  sufficient  number  of  different  ply  (i.e.,  fiber)  orienta¬ 
tions  because  conductivity  is  larger  in  the  fiber  direction  than  in  the  trans¬ 
verse  direction.  When  the  wavelength  approaches  the  size  of  the 
nonconductive  voids,  the  propagation  of  the  EM  wave  becomes  a  complex 
process  that  cannot  be  analyzed  using  the  theory  described  in  section  3 
and  an  effective  conductivity  value.  Our  measurements  to  date  have  oc¬ 
curred  at  frequencies  below  200  MHz,  where  a  majority  of  the  materials 
appear  homogenous  and  can  be  effectively  analyzed.  As  measurement  fre¬ 
quencies  approach  1000  MHz,  the  wavelength  may  approach  the  size  of 
the  nonconductive  voids  and  the  material  will  no  longer  behave  as  homo¬ 
geneous  and  isotropic.  At  this  point,  effective  conductivity  is  meaningless 
and  materials  will  respond  differently  to  the  incident  EM  energy,  depend¬ 
ing  on  the  field  polarization  and  wavelength. 


5.  Electrical  Conductivity  Measurements — Near-Field 
Technique 

In  an  effort  to  measure  the  effective  conductivity  of  small  planar  composite 
samples,  ARE  has  investigated  the  utility  of  the  magnetic  near-field  or 
eddy  current  measurement  technique.  The  near-field  measurement 
technique  can  provide  data  from  which  conductivity  information  can  be 
extracted.  This  technique  requires  no  electrical  contact  with  the  samples 
under  test  and  is  therefore  ideal  for  characterizing  composite  materials. 

The  American  Standard  for  Test  and  Measurement  (ASTM)  Standard 
E-1004-91,  Standard  Test  Method  for  Electromagnetic  (Eddy-Current)  Measure¬ 
ments  of  Electrical  Conductivity,  is  used  to  determine  the  electrical  conduc¬ 
tivity  of  metals  and  their  alloys.  The  technique  described  in  the  ASTM 
standard  is  used  to  measure  relatively  small  variations  in  conductivity  due 
to  impurities  as  they  are  added  to  metals  to  develop  alloys.  The  magnetic 
field  produced  by  the  eddy  currents  in  the  sample  interact  with  the  trans¬ 
mitting  antenna,  thus  changing  its  impedance.  To  detect  these  small  im¬ 
pedance  changes,  the  measurement  is  performed  at  a  single  frequency  and 
resonant  circuits  are  used.  The  standard  measures  conductivity  as  a  per¬ 
centage  of  the  International  Annealed  Copper  Standard  (LACS),  defined  to 
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be  5.8  X  10^  S/m  at  20°C.  The  standard  warns  that  the  accuracy  of  the  re¬ 
sults  for  large  variations  in  conductivity  between  the  lACS  and  the  test 
specimen  may  be  affected  by  nonlinearities  in  the  measurement  equip¬ 
ment.  Conducting  members  of  composite  materials  are  orders  of  magni¬ 
tude  less  conductive  than  the  lACS;  therefore,  the  effects  of  eddy  currents 
in  an  antenna's  near  field  were  not  monitored  in  this  same  fashion. 


5.1 


Theory 


The  first  step  taken  in  understanding  how  an  eddy  current  measurement 
might  be  used  to  evaluate  the  conductivity  of  composite  samples  was  to 
examine  the  fields  produced  in  the  near  field  of  electrically  small  loop  an¬ 
tennas.  These  fields  are  given  by 


Be  = 


4^r 


1- 


j _ 1_ 


eiP^sin  6 


(9) 


where  the  plane  of  the  loop  is  centered  and  normal  to  the  polar  axis  of  the 
spherical  coordinate  system,  and  m  =  IqNA  is  the  magnetic  moment,  where 
N  is  the  number  of  turns,  A  is  the  area  of  the  loop,  Iq  is  the  current  on  the 
loop,  P  =  In/X  is  the  propagation  constant  in  free  space,  and  r  is  the  dis¬ 
tance  from  the  loop  center  to  the  observation  point  [5]. 

These  equations  illustrate  the  potentially  useful  characteristics  of  a  near¬ 
field  measurement.  If  the  distance  r  from  the  antenna  is  kept  below  2n/  X, 
the  magnetic  field  falls  as  1  /r^.  The  fields  in  the  region  r  <  2nl X  are  termed 
quasi-stationary  and  do  not  behave  in  the  same  manner  as  radiated  fields. 
These  rapidly  decaying  fields  provide  measurement  isolation  from  leakage 
fields  while  using  a  relatively  small  test  sample  and  no  Faraday  enclosure. 
Using  the  test  configuration  shown  in  figure  2,  with  a  30-cm^  sample  and 
the  transmitting  and  receiving  antenna  centers  separated  by  2  cm,  the  leak¬ 
age  path,  bb',  is  nearly  15  times  the  direct  penetration  path,  a.  The  fields 
reaching  the  receiving  antenna  due  to  this  leakage  path  will  have  attenu¬ 
ated  70  dB  while  traversing  this  distance.  If  the  net  fields  reaching  the  re¬ 
ceiving  antenna  through  the  material  are  larger  than  the  leakage  fields,  the 
measurement  will  indicate  the  transmitted  field  level.  Measurement  isola¬ 
tion  of  70  dB  is  a  conservative  value,  because  any  fields  completing  path 
bb'  are  partially  scattered  and  are  not  directly  radiated. 

This  effect,  while  on  one  hand  a  virtue,  also  creates  practical  frequency 
limitations.  As  stated,  isolation  is  calculated  from  the  rapidly  decaying 
fields  in  the  near  field  of  a  small  loop  antenna.  The  calculated  isolation  as¬ 
sumes  that  the  fields  are  falling  proportional  to  1/r^  over  the  entire  30-cm 
leakage  path  distance.  This  will  occur  as  long  as  X/ln  >  30  cm.  Once  X/1k 
=  30  cm,  the  fields  will  begin  to  fall  as  1  /r.  The  frequency  at  which  this 
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Figure  2.  Magnetic 
near-field  insertion 
loss:  (a)  experimental 
configuration, 

(b)  direct  path,  and 

(c)  leakage  path. 


Test  sample 


occurs  is  160  MHz.  The  technique  will  work  beyond  160  MHz;  however, 
the  measurement  isolation  beyond  this  frequency  will  be  reduced. 

The  measurement  must  be  performed  with  the  receiving  antenna  in  the 
near  field  of  both  field  sources  (i.e.,  the  transmitting  antenna  and  induced 
eddy  currents).  Because  the  transmitting  antenna  is  further  from  the  re¬ 
ceiving  antenna  than  the  eddy  current  source  (barrier),  the  transmitting 
antenna  fields  will  fall  as  1  /r  before  the  eddy  current  source  falls  as  1  /r.  In 
this  region,  the  antenna  source  will  dominate  the  measurement  and  inac¬ 
curate  results  will  occur.  With  antenna  separation  distances  of  2  cm,  this 
effect  is  not  a  problem  at  the  operating  wavelengths. 

The  frequency  coverage  to  date  extends  from  1  kHz  to  150  MHz.  The  high- 
frequency  performance  is  necessary  to  provide  enough  measurement  sen¬ 
sitivity  to  measure  the  relatively  low  conductivity  values  of  carbon  com¬ 
posite  samples.  Low-frequency  measurements  are  necessary  for  highly 
conductive  samples.  The  reason  for  this  is  that  as  the  frequency  is  in¬ 
creased,  the  voltage  or  electromotive  force  (emf)  that  produces  the  eddy 
currents  also  increases.  The  emf  produced  by  a  time-varying  magnetic  flux 
is  [6] 


em/  =  ^  ,  (10) 

which,  in  terms  of  discrete  sinusoidal  fields,  can  be  written  as 

em/=;co<E)^cos  fijf  .  (11) 

It  follows  that  for  a  given  magnetic  flux  as  the  frequency  increases,  the 
induced  emf  increases  and  the  resulting  eddy  currents  increase,  depend¬ 
ing  on  the  impedance  of  the  transmitting  antenna's  image  in  the  sample 
material.  At  low  frequencies  the  eddy  currents  are  limited  by  the  resistance 
of  the  image,  and  negligible  currents  are  produced.  The  induced  eddy  cur- 
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rents  increase  linearly  with  frequency  to  the  point  where  the  inductive  re¬ 
actance  of  the  image  dominates  its  impedance.  This  transition  is  where  the 
shielding  begins  to  rise  at  20  dB/decade  of  frequency  and  occurs  at  higher 
frequencies  for  poor  conducting  materials. 


Figure  3.  Effects  of 
ferromagnetic 
material  near  loop 
antenna:  (a)  magnetic 
flux  lines  from  loop 
antenna  in  free  space 
(cross  sectional  view) 
and  (b)  interaction  of 
magnetic  flux  lines 
with  planar 
ferromagnetic  sample. 


Figure  4.  Effects  of 
highly  conductive 
materials  near  loop 
antenna:  (a)  Induced 
eddy  currents  in 
conductive  barrier 
produce  magnetic 
fields  that  are  in 
opposite  direction  of 
incident  magnetic 
fields,  (b)  Effect  of 
eddy  currents  is  net 
cancellation  of 
magnetic  field. 


The  physical  interaction  between  the  magnetic  field  and  the  test  sample 
depends  on  the  sample's  conductivity,  as  well  as  the  sample's  permeabil¬ 
ity.  For  materials  with  ferromagnetic  properties,  magnetic  flux  {(j))  is  ab¬ 
sorbed  and  remains  in  the  material,  to  the  point  where  the  flux  must  return 
to  the  transmitting  loop  to  complete  the  magnetic  circuit.  This  phenom¬ 
enon,  illustrated  in  figure  3,  depends  on  the  material's  permeability.  The 
conductivity,  on  the  other  hand,  allows  eddy  currents  to  be  produced  in 
the  material  by  the  incident  magnetic  flux.  These  eddy  currents  in  the  test 
sample  produce  magnetic  fields  that  are  in  the  opposite  direction  to  the 
source  fields.  If  the  test  sample  had  infinite  conductivity,  the  magnetic 
fields  produced  by  the  eddy  currents  would  exactly  match  the  incident 
fields  and  total  cancellation  would  occur.  This  phenomenon  is  illustrated 
in  figure  4. 
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Unfortunately,  it  is  impossible  to  distinguish  between  these  two  effects  us¬ 
ing  the  eddy  current  measurement  technique.  The  measurement  provides 
information  on  the  c7jU  product.  The  problem  is  solved  by  performing  per¬ 
meability  measurements,  which  provide  information  on  permeability 
only,  thus  providing  one  of  the  two  unknowns.  Permeability  measure¬ 
ments  are  described  in  section  6. 

5.2  Test  Description 

Figure  5  illustrates  the  near-field  test  setup.  A  Hewlett-Packard  (HP) 
3577A  network  analyzer  is  used  as  the  source  and  the  receiver.  The  receiv¬ 
ing  antenna  consists  of  a  single-turn,  open-circuited  loop  (r  =  2.2  cm).  The 
antenna's  open  circuit  voltage  is  measured  using  a  Tektronix  P6047  volt¬ 
age  probe.  The  high-impedance  voltage  probe  prevents  current  from  being 
formed  in  the  receiving  antenna,  which  could  affect  the  measurement.  The 
voltage  probe  also  alleviates  impedance  matching  problems  in  the  receiv¬ 
ing  circuit. 

The  transmitting  anterma  consisted  of  a  short-circuited,  single-turn  loop 
(r  =  2.2  cm)  that  is  driven  by  the  network  analyzer  via  a  Tektronix  CT-2 
current  transformer.  The  transformer  is  essential  for  high-frequency 
performance — it  performs  the  impedance  matching  necessary  to  reduce 
resonance  effects  in  the  transmitting  circuit.  These  effects  lead  to  radiated 
fields  that  are  easily  picked  up  by  the  high-impedance  receiving  section. 


Figure  5.  Eddy  current 
test  configuration: 
antenna  placement 
for  (a)  square  and 
(b)  cylindrical 
samples. 
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A  reference  measurement  is  taken  with  the  antennas  coaxially  positioned 
in  free  space.  The  test  sample  is  then  placed  between  the  two  materials  and 
the  open  circuit  voltage  is  measured  once  again.  Swept  frequency  meas¬ 
urements  are  performed  from  1  kHz  to  150  MHz.  The  difference  between 
the  reference  and  test  measurements  is  computed  within  the  network  ana¬ 
lyzer  and  is  termed  magnetic  near-field  insertion  loss  expressed  in  deci¬ 
bels.  These  data  are  downloaded  from  the  network  analyzer  as  an  ASCII 
file  to  a  personal  computer. 

The  reference  measurement  is  shown  in  figure  6(a).  The  20-dB/decade 
rolloff  in  the  frequency  region  between  1  to  100  kHz  is  due  to  the  limited 
bandwidth  of  the  Tektronix  current  transformer.  Beyond  100  kHz,  the  ref¬ 
erence  measurement  is  reasonably  flat,  as  it  should  be,  imtil  100  MHz.  The 
rising  amplitude  at  100  MHz  is  attributed  to  sources  other  than  the  trans¬ 
mitting  antenna.  Further  investigation  will  be  necessary  to  verify  and 
eliminate  this  effect  if  higher  frequency  response  is  required. 


The  minimum  measurement  dynamic  range  using  this  approach  is  illus¬ 
trated  in  figure  6(b).  This  value  was  determined  by  taking  the  difference 
between  the  reference  measurement  and  a  measurement  taken  with  the 
antennas  separated  30  cm.  The  dynamic  range  below  10  kHz  is  reduced 
due  to  the  response  of  the  current  transformer.  This  is  acceptable,  how¬ 
ever,  because  the  magnetic  insertion  loss  of  materials  rapidly  decreases 
with  frequencies  approaching  1  kHz.  From  10  kHz  to  150  MHz,  the  mini- 


Figure  6.  Dynamic 
range  for  eddy 
current  measure¬ 
ment:  (a)  Reference 
measturement  is 
taken  with  antennas 
coaxially  positioned 
and  separated  by  2 
cm.  (b)  Measured 
dynamic  range  is 
difference  between 
reference  measure 
and  measurement 
taken  with  antennas 
separated  by  30  cm. 


(b) 
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mum  dynamic  range  is  limited  by  direct  field  radiation  to  just  imder  60  dB. 
This  level  is  below  the  estimated  level  of  70  dB.  Present  speculations 
attribute  this  to  either  electric  field  coupling  or  to  the  fields  not  falling  as 
1/r^,  as  predicted.  Even  so,  sufficient  dynamic  range  is  available  to  pro¬ 
vide  good  magnetic  insertion  loss  data  on  composite  samples. 

5.3  Test  Results 

Data  were  taken  on  square  planar  and  cylindrical  sample  shapes.  The 
square  planar  samples  (30  x  30  cm)  consisted  of  1.5-mil  copper,  33-mil  cop¬ 
per,  63-mil  aluminum,  a  carbon  epoxy  panel  (47  mil  thick)  constructed  us¬ 
ing  a  vacuum  compression  technique,  and  a  glass  epoxy  sample  (=230  mil) 
with  several  layers  (=25  mil)  of  aluminum  metallized  E-glass  fibers.  The 
results  for  the  planar  metal  and  composite  samples  are  shown  in  figures  7 
and  8,  respectively.  Note  that  the  vertical  scaling  in  figure  8(b)  had  to  be 
changed  to  display  the  data.  The  cylindrical  samples,  which  were  8  in.  long 
with  a  5-in.  inner  diameter,  consisted  of  an  artillery  shell  casing  (=470  mil 
wall  thickness)  and  a  rocket  motor  bottle  (=57  mil  wall  thickness),  both  of 
which  are  filament- wound  carbon  epoxy  matrix  composites,  a  glass  epoxy 
matrix  cylinder  with  a  nonuniform  layer  (0  to  25  mil)  of  aluminum  metal¬ 
lized  glass  fibers  as  an  inner  layer,  and  a  33-mil  copper  cylinder.  Figure  9 
contains  the  near-field  data  for  the  cylindrical  samples. 

Except  for  the  cylindrical  glass  epoxy  sample,  the  measurement  provided 
similar  shaped  response  curves  for  the  materials  tested.  The  metallized 
fibers  in  the  cylindrical  glass  epoxy  sample  were  visually  nonuniform,  and 
it  is  theorized  that  this  sample  exhibited  the  anisotropic  and  frequency  de¬ 
pendent  behavior  described  in  section  3.  Extracting  conductivity  values  is 
covered  in  the  following  section. 


Figure  7.  Eddy  current 
data  for  rectangular 
metal  samples. 
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Figure  8.  Eddy  current 
data  for  rectangular 
composite  samples: 

(a)  nonconductive 
glass  fibers  coated 
with  silver  and 

(b)  nontreated  carbon 
composite  sample. 


(a) 


1.0x105  1.0x10®  1.0x107  1.0x10® 

Frequency  (Hz) 


(b) 


Frequency  (Hz) 


Figure  9.  Eddy  current 
data  for  cylindrical 
samples:  (a)  33-mil 
copper  cylinder, 

(b)  carbon  epoxy 
artillery  shell, 

(c)  carbon  epoxy 
rocket  motor  bottle, 
and  (d)  silver-coated 
glass,  glass  epoxy 
sample. 


1.0x105  1.0x106  1.0x107  1.0x108 


Frequency  (Hz) 


5.4  Data  Reduction 

To  extract  conductivity  values  from  the  measured  data,  we  first  solve  for 
the  magnetic  insertion  loss  using  candidate  conductivity  values  until  a 
good  match  is  provided  between  the  analytical  results  and  the  measured 
data.  The  conductivity  value  providing  the  best  data  match  is  chosen  as 
the  effective  conductivity  of  the  sample.  This  appears  to  be  a  viable  ap¬ 
proach,  because  exact  analytical  solutions  are  available  that  accurately 
model  the  near-field  technique  experimental  setup.  This  approach  has  not 
been  fully  evaluated;  however,  preliminary  results  look  very  promising. 

The  analytical  solution  is  taken  from  a  paper  by  Moser  [7],  where  he  pro¬ 
vides  a  general  integral  solution  for  the  vector  wave  potential: 

where 

T  =  si  and  =  j  ana, 

^0  =  and  =  cfinoSo' 

z  =  direction  of  axis  of  loop  antenna, 
a  =  radius  of  loop  antenna, 
t  =  barrier  thickness,  and 
=  Bessel  function  of  the  first  kind. 

This  is  an  exact  solution  (no  assumptions  are  made),  but  it  has  no  known 
closed-form  solution.  Evaluation  must  be  done  by  numerical  integration. 
The  numerical  integration  is  achieved  relatively  easily  using  MATLAB™. 
Figure  10  shows  the  technique  applied  to  the  rocket  motor  bottle  and  the 
artillery  shell.  These  data  indicate  that  the  materials  have  effective  conduc¬ 
tivities  of  1.1  X 10^  s/m  and  5.5  x  10^  s/m,  respectively. 

5.5  Measurement  Validation 

To  validate  the  near-field  technique,  the  results  of  plane-wave  SE  measure¬ 
ments  were  compared  with  plane-wave  SE  analytical  solutions  using  con¬ 
ductivity  values  determined  using  the  near-field  technique.  Initial  SE 
measurements  have  produced  results  within  3  dB  of  the  analytical  solu¬ 
tion,  which  is  considered  good  agreement. 

5.5.1  Plane-Wave  SE  Measurements 

The  plane-wave  SE  measurements  were  conducted  on  the  cylindrical¬ 
shaped  test  samples.  Cylindrical-shaped  test  samples  without  axial  seams 


S  =  201ogio^ 


I 


/ 


CA^t 


™MATLAB  is  a  trademark  ofMathWorks. 
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Figure  10.  Overlay  of 
eddy  current  data  and 
theoretical  data  used 
to  determine  effective 
conductivit)r:  (a)  rocket 
motor  bottle  esti¬ 
mated  at  1.1  X 10^  s/m 
and  (b)  artillery  shell 
estimated  at  5.5  x 
10^  s/m. 


Frequency  (Hz) 


Frequency  (Hz) 


are  convenient  for  performing  these  measurements  for  two  reasons.  First, 
they  are  easily  produced  and  provide  a  minimum  number  of  circumferen¬ 
tial  seams  (i.e.,  two)  where  leakage  fields  could  corrupt  the  measurement; 
second,  cylinders  can  be  positioned  relative  to  a  linearly  polarized  plane 
wave  such  that  the  coupling  of  fields  through  the  seamed  ends  is  signifi¬ 
cantly  reduced.  Figure  11  illustrates  the  optimum  field  orientation  and  the 
induced  current  in  the  test  object.  Because  the  current  is  not  distributed 
over  discontinuities  in  the  cylinder  (which  are  limited  to  the  cylinder 
ends),  leakage  fields  are  minimized  and  a  high  degree  of  measurement  iso¬ 
lation  is  obtained  without  the  need  for  highly  conductive  end  seams. 

A  TEM  cell  was  used  to  produce  the  incident  plane  wave.  The  cylinder  is 
positioned  in  the  TEM  cell  as  shown  in  figure  12  to  obtain  the  proper  field 
orientation.  Aluminum  end  caps  are  used  to  support  the  receiving  an¬ 
tenna.  Although  no  attempts  were  made  to  produce  highly  conductive  end 
cap  seams,  any  electrical  contact  made  between  the  end  caps  and  the  cylin¬ 
der  will  provide  additional  measurement  isolation.  A  reference  measure¬ 
ment  is  made  with  only  the  end  caps  and  receiving  antenna  placed  in  the 
TEM  cell.  The  end  caps  are  configured  as  they  would  be  if  the  cylinder 
were  present.  The  test  cylinder  is  then  put  in  place  and  the  measurement 
repeated.  The  difference  between  the  two  measurements,  in  decibels,  is 
defined  as  the  H-field  SE.  These  measurements  could  only  be  performed 
from  100  Hz  to  10  MHz  due  to  limited  d)mamic  range. 


Figure  11.  Orientation 
of  test  cylinder  to  EM 
field:  (a)  axial  and 
(b)  normal  views  of 
cylinder. 


Figure  12.  Plane  wave 
test  setup.  Internal 
magnetic  fields  were 
monitored  with  loop 
antenna  placed  in 
center  of  cylinder. 


Figure  13.  Minimum 
dynamic  range  for 
plane  wave 
experiment:  data  were 
determined  by 
performing  plane 
wave  measurement 
on  copper  cylinder 
with  cylinder  ends 
electrically  isolated 
from  aluminum  end 
caps. 
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The  level  of  EM  energy  entering  the  cylindrical  volume  from  the  ends  of 
the  cylinder  was  determined  by  performing  the  measurement  using  an 
"open-ended"  33-mil  copper  cylinder.  The  ends  of  the  copper  cylinder 
were  insulated  with  electrical  tape  to  simulate  a  very  high  seam  imped¬ 
ance  and  produce  worst-case  leakage  fields.  The  33-mil  copper  provides 
material  shielding  that  should  be  adequate  to  insure  that  the  measured  re¬ 
sponse  is  due  to  fields  leaking  from  the  cylinder  ends  and  stray  coupling  to 
the  measurement  cables.  The  results  of  this  measurement  are  shown  in  fig¬ 
ure  13.  These  data  are  considered  the  minimum  obtainable  dynamic  range. 


Frequency  (Hz) 


for  when  the  composite  samples  were  tested,  the  electrical  tape  was  not 
used,  and  any  incidental  electrical  contact  would  serve  to  further  reduce 
the  level  of  the  leakage  fields. 

5.5.2  Plane-Wave  SE  Analysis 

The  exact  analysis  of  EM  field  penetration  is  only  straightforward  for  infi¬ 
nite  cylinders  constructed  of  homogeneous,  isotropic,  conductive  materi¬ 
als.  The  procedures  are  complicated  and  not  easily  extended  to  anisotropic 
cases  such  as  graphite  epoxy  laminates.  However,  previous  test  results  [8] 
have  shown  that  when  the  laminates  are  electrically  very  thin  and  the  fiber 
separation  is  a  tiny  fraction  of  a  wavelength,  graphite  laminate  composites 
can  be  modeled  as  homogenous,  isotropic  conducting  materials. 

Based  on  these  findings,  for  a  given  intrinsic  characteristic  of  graphite 
composite  and  the  physical  description  of  the  cylinder,  H-field  SE  can  be 
calculated  based  on  the  theory  of  EM  field  coupling  into  infinite  isotropic 
cylinders.  Previous  experiments  have  shown  that  the  SE  of  finite  length 
cylinders  approaches  that  of  infinitely  long  cylinders  when  the  length  is  on 
the  order  of  the  diameter  and  the  magnetic  fields  are  axial  (i.e.,  oriented 
along  the  cylinder  axis).  Furthermore,  in  the  frequency  region,  when  the 
ratio  of  the  cylinder  radius,  a,  to  the  wavelength  {a/ A)  is  very  small  (a/ A  « 
1),  the  magnetic  field  inside  the  cylinder  is  essentially  uniform  and  inde¬ 
pendent  of  cylinder  radius.  To  compute  SE,  we  used  the  resvdts  derived  by 
King  [9]  for  the  exact  solution  of  the  boundary  value  problem  for  an  infi¬ 
nite  cylindrical  shell 

^  =  cos  h(  yt)  +  sin  h(yt) ,  (13) 

Hi 

where 

Hq  =  incident  magnetic  field  along  z  axis  (assumed  to  be  uniform  in 
the  r  and  6  directions). 

Hi  =  internal  magnetic  field, 
a  =  inside  radius  of  cylinder, 
t  =  thickness  of  cylinder, 

Hj-  =  relative  permeability,  and 
y  =  propagation  constant. 

It  should  be  noted  that  a  longitudinal  Hq  results  in  the  highest  internal 
magnetic  field,  so  transverse  excitation  of  the  cylinder  is  not  considered 
here. 

Figure  14  shows  the  test  data  for  the  rocket  motor  bottle  and  the  artillery 
shell.  On  the  same  figure  is  the  analytical  solution  using  the  conductivity 
data  determined  using  the  near-field  technique.  The  close  agreement  of 
these  results  is  very  encouraging  and  indicates  that  the  near-field  tech¬ 
nique  can  be  a  valuable  tool  for  measuring  the  effective  conductivity  of 
composite  materials.  With  conductivity  information  we  are  able  to  analyti¬ 
cally  determine  the  material's  response  to  a  variety  of  EM  environments. 
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Figure  14. 

Comparison  of  plane 
wave  experimental  SE 
data  and  theoretical 
results:  (a)  rocket 
motor  bottle  and 
(b)  artillery  shell. 
Theoretical  solution 
was  solved  using 
conductivity  values 
determined  using 
near-field  technique. 


6.  Permeability  Measurements 

The  eddy  current  technique  is  capable  of  determining  effective  conductiv¬ 
ity  only  if  the  relative  permeability,  fif,  is  known.  Unfortunately,  Hf  varies 
with  frequency,  magnetic  flux  density,  magnetic  history,  temperature,  and 
field  polarity.  Although  these  factors  will  affect  to  various  degrees,  they 
have  not  been  fully  explored.  Based  on  the  available  data  for  typical  metal 
shielding  materials,  it  is  expected  that  the  frequency  dependence  of  fij-  will 
have  a  large  effect  on  a  material's  response  to  EM  fields  [4].  Consequently, 
experiments  to  determine  the  frequency  dependence  of  permeability  are 
being  conducted. 

Initial  experiments  to  explore  these  frequency  dependencies  use 
Helmholtz  coils.  This  device  produces  imiform  magnetic  fields  in  which  a 
small,  multi-turn  sensor  coil  is  placed.  The  sensor  coil  is  configured  so  that 
a  ferromagnetic  material  can  be  inserted.  The  open  circuit  voltage  with  and 
without  the  sample  material  can  then  be  compared.  Figure  15  illustrates 
the  test  setup.  The  Helmholtz  coils  are  driven  with  a  power  amplifier  us¬ 
ing  a  swept  sinusoidal  voltage  (1  to  100  kHz)  produced  by  a  network  ana¬ 
lyzer.  A  cylindrical  ferromagnetic  test  sample  was  centrally  located 
between  the  two  Helmholtz  coils  with  the  axis  parallel  to  the  magnetic  flux 
lines.  A  multi-turn,  open-circuit  sensor  coil  of  length  is  positioned 
around  the  test  sample  and  acts  as  a  loop  antenna.  The  time  varying  mag- 


Figure  15. 
Permeability  test 
setup. 
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netic  field  induces  an  open  circuit  voltage  in  the  sensor  coil,  which  is 
measured  using  a  Tektronix  P6047  voltage  probe  and  the  network 
analyzer. 

The  open-circuit  voltage  of  the  sensor  coil  with  a  sample  material  of  appar¬ 
ent  or  observed  permeability  jj./  inserted  is  given  by 

Voc  =  iC0MrF^ABi,  (14) 

where  /  indicates  that  the  open  circuit  voltage  is  90°  out  of  phase  with  the 
magnetic  field,  <uis  the  angular  frequency  {270,  N  is  the  number  of  turns  in 
the  loop,  f y  is  a  geometric  correction  factor,  A  is  the  area  of  the  receiving 
loop,  is  the  component  of  the  magnetic  induction  normal  to  the  plane  of 
the  loop,  and  /J^'  is  the  apparent  permeability  of  the  sample  material  [5]. 

The  open  circuit  voltage  of  the  sensor  coil,  without  the  material,  is  given  by 

[5] 

Voc  =  i(0NAB[.  (15) 

This  differs  from  equation  (14)  by  only  the  apparent  permeability  p,/  of  the 
material  and  the  geometric  correction  factor  Fy,  which  accovmts  for  the  fi¬ 
nite  size  of  the  core  material. 

The  difference,  Vqcl  ~  ^oc  be  directly  related  to  unless  certain 

conditions  involving  the  geometric  correction  factor  exist.  Finite  length 
samples  result  in  a  nonuniform  flux  density  within  the  core  [10];  therefore, 
corrections  must  be  made  for  the  ratio  of  coil  length  and  sample  length. 
Figure  16(a)  shows  an  empirical  determination  of  the  dependence  of  on 
the  ratio  of  the  coil  length,  /^,  to  the  sample  length,  1^..  A  suitable  ratio  {l^/l^) 
can  be  chosen  to  minimize  the  effects  of  or  the  data  can  be  corrected  us¬ 
ing  this  graph. 

Unfortunately,  the  geometric  correction  factor  Fy  is  not  the  only  factor  that 
must  be  accoimted  for  in  this  type  of  measurement.  The  demagnetization 
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Figure  16. 
Permeability 
correction  curves: 

(a)  Geometric 
correction  factor  Fy  as 
function  of  ratio  IJlf 
(length  of  coil  to 
length  of  rod).  This 
factor  was  determined 
from  averages  of 
experimental  data. 

(b)  Apparent 
permeability  iif'  at 
middle  of  cylindrical 
rod  as  function  of 
length  to  diameter 
ratio  IfHb  with 
relative  permeability 

as  parameter.  Both 
graphs  are  from 
Johnson  [5]. 
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Figure  17. 

Permeability  test  data: 
(a)  Induced  open 
circuit  voltage  with 
ferromagnetic  rod  and 
without,  (b)  Differ¬ 
ence  of  the  two 
voltage  measurements 
reflects  permeability 
of  rod.  Value  remains 
constant,  indicating 
no  frequency- 
dependent  effects  in 
this  frequency  band. 


factor  can  also  influence  the  observed  open  circuit  voltage.  This  factor 
takes  into  account  the  field  strength  produced  at  the  middle  of  the  rod  by 
the  rod  itself  and  depends  on  the  ratio  of  the  sample  length  Ij-  to  sample 
diameter,  as  well  as  the  apparent  permeability  of  the  sample  material, 
Figure  16(b)  illustrates  the  effect  of  the  demagnetization  factor.  A  finite 
size  rod  with  infinite  permeability  is  represented  on  the  left  most  curve  as 
a  straight  line.  For  various  values  of  jU^.,  it  is  shown  that  as  the  aspect  ratio 
of  the  rod  decreases,  the  observed  apparent  permeability,  n/,  asymptoti¬ 
cally  approaches  that  of  the  infinite  permeability  value  line.  The  problem 
this  creates  is  that  if  the  measured  data  are  near  the  infinite  permeability 
line,  only  a  lower  limit  can  be  placed  on  the  relative  permeability  value. 

Preliminary  measurements  were  performed  on  a  ferromagnetic  cylindrical 
sample  with  factory-specified  relative  permeability  of  850.  The  open  circuit 
voltage  with  and  without  the  sample  is  shown  in  figure  17(a).  The  differ¬ 
ence  in  these  two  voltage  measurements  is  shown  in  figure  17(b).  The 
value  of  the  voltage  change  at  20  kHz  is  37  dB.  Using  equations  (11)  and 
(12)  gives  an  apparent  permeability  fx/  of  71. 
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In  order  to  compensate  for  a  nonuniform  flux  density,  the  voltage  must  be 
corrected  for  the  geometric  factor  This  is  accomplished  using  the 
curves  in  figure  16(a).  The  coil/sample  aspect  ratio  (i.e.,  Ic/lf)  0-0385; 
therefore,  the  open  circuit  voltage  must  be  corrected  by  a  geometric  factor 
f  of  0.98.  With  this  coil/ sample  aspect  ratio,  the  measurement  can  be  per¬ 
formed  such  that  error  due  to  the  geometric  factor  is  negligible. 

The  same  cannot  be  said  for  the  demagnetization  factor.  Referring  to  figure 
16(b),  with  a  core  aspect  ratio  If/lb  =  12.6  and  a  measured  apparent  per¬ 
meability  of  71,  we  are  at  the  lower  boimds  of  the  infinite  permeability, 
curve.  The  graph  indicates  that  ^  is  greater  than  200;  however,  we 
cannot  be  sure  of  the  exact  value  of  It  is  important  to  note  that  the  closer 

an  apparent  permeability  is  to  the  infinite  permeability  line,  the  more  diffi¬ 
cult  it  is  to  approximate  the  value  for  the  relative  permeability. 

This  illustrates  several  important  points  of  this  technique.  Figure  16(b)  in¬ 
dicates  that  for  materials  with  relative  permeability  values  below  100,  as¬ 
pect  ratios  of  10  are  sufficient  to  provide  accurate  results.  These  aspect 
ratios  are  easily  achieved,  and  this  technique  is  useful  for  materials  with 
permeability  values  that  fall  within  this  range.  It  would  be  very  difficult, 
however,  to  perform  accurate  measurements  for  materials  with  greater 
than  100.  This  is  especially  true  for  fif  values  higher  than  200,  where  the 
data  on  samples  with  aspect  ratios  10  or  less  essentially  overlay.  These 
higher  Hf  curves  would  require  sample  aspect  ratios  greater  than  60  (de¬ 
pending  on  the  actual  value  of  jU;- )  to  produce  accurate  results.  These  as¬ 
pect  ratios  cannot  be  reliably  tested  due  to  the  limited  test  volume  of  the 
Helmholtz  coil. 

The  intent  of  these  experiments  was  to  evaluate  the  frequency  dependence 
of  /Xj:  The  data  do  not  indicate  any  frequency-dependent  characteristics. 
This  was  expected,  however,  because  the  Helmholtz  coil  does  not  operate 
above  100  kHz.  The  frequency  dependencies  will  not  be  observed  below 
approximately  200  kHz.  This  experiment  was  performed  to  gain  an  under¬ 
standing  of  the  physics  involved  in  this  t5q)e  of  measurement  and  its  capa¬ 
bilities  and  limitations.  Helmholtz  coils  are  easily  constructed  and  can  be 
built  to  operate  above  200  kHz.  Future  efforts  will  explore  these  higher  fre¬ 
quencies  and  the  frequency  dependence  of  Hj-  for  various  materials  will  be 
measured. 


7.  Summary 


Typical  advanced  composite  materials  planned  for  use  in  Army  military 
systems  are  composed  primarily  of  nonconductive  components,  which 
provide  poor  EM  shielding.  Conductive  additives  can  be  introduced;  how¬ 
ever,  to  accurately  determine  the  effects  of  these  additives,  the  materials 
should  be  characterized  in  their  processed  form.  The  nonconductive  resms 
used  in  composite  materials  isolate  the  conductive  components  and  there¬ 
fore  create  problems  for  traditional  methods  of  determining  the  EM  re¬ 
sponse  of  these  materials.  We  have  investigated  the  use  of  the  near-field 
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eddy  current  technique  to  determine  the  conductivity  of  composite 
samples,  from  which  we  can  analytically  determine  their  EM  response.  For 
the  materials  tested,  experiments  have  shown  that  the  eddy  current  tech¬ 
nique  can  be  a  valuable  tool  for  determining  the  effective  conductivity  of 
composite  samples.  Techniques  for  measuring  the  permeability  of  materi¬ 
als  are  required  to  extend  the  application  of  eddy  current  measurements  to 
materials  that  exhibit  magnetic  properties. 

Future  efforts  will  evaluate  additional  materials  to  more  fully  determine 
the  capabilities  and  limitations  of  the  near-field  technique  as  a  composite 
materials  evaluation  tool. 
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